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Abstract
Electricity market operation involves complex and cooperative technical and economic links among its subsystems, 
the nonlinear interaction within the subsystems should be taken into account to depict the operational state. Based on 
principles of Synergy theory, a branch of complex system engineering theory, a synergistic evolutionary model of 
electricity market was established. Data processing showed that HHI and settlement price were the order parameters 
and correlation dimension found that there were at least two critical factors maintaining the market. Thus, the two 
order parameters could be used to describe the electricity market. The model showed high precision, revealed the 
dynamic relationship between its subsystems and laid a foundation for further study of the market operation.
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1. Introduction
The analysis of electricity market operation is of significance to study the market efficiency. 
Electricity market operation is influenced by many factors. Market power, transmission constraints and 
operational constraints affect market prices. Nicolaisen J pointed out that market power varies with 
changes in concentration and capacity and exercise in a deregulated market[1].A high bilateral contract 
volume and high capacity reserve margin could contribute the relatively efficient balancing up energy 
market[2]. Nicholas S. Bowden used an augmented Lerner Index to estimate the degree of efficiency in 
energy market performance[3].Apart from the supply side of a competitive electricity market, low 
demand responsiveness to price may also greatly impact the market performance causing low efficiency, 
high prices and a disproportional allocation of surpluses[4].Considering the complexity of electricity 
market, Wang Wei, Wang Qin, Liang Gang [5-7]established a series of comprehensive evaluation index 
system to study the market operation conditions. Hongming Yang[8] employed System Dynamics to 
simulate how the construction capacity of new power plants, system capacity, generation quantities, 
demand quantities and electricity price affect market participants' behaviours. The dynamic relationship 
between market structure and behaviour maintain the electricity market operation, Fernando Olsina
pointed out that power generation investment is the main reason to promote long-term development[9], 
and capacity payment system have good effect on increasing the volume of generating capacity[10].  
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Accounting for the overall cost of power generation, network losses and costs, and various operational 
constraints, Al-Agtash S[11-12]used an iterative supply function model to characterize the competitive 
behavior of suppliers in pool coordinated electricity market. Econometric models of power prices could 
provide a useful screening tool for market monitoring and can be used to identify outlier prices that are 
potentially the result of anti-competitive behaviour[13]. Lashkar proposed a FCM-based deregulated 
electricity market model for market monitoring to promote competition and cost saving[14].                                                              
Electricity market is a complex dynamic system, the operation condition of which not only involves 
complex and cooperative technical and economic links among the subsystems, but also is affected by fuel 
costs, government regulation policies etc.. The nonlinear interaction within the subsystems should be 
taken into account to depict the operational state. In this paper, a synergistic evolutionary model of 
electricity market was established based on the principles of synergy theory in order to reveal the inner 
dynamic relationship, find out the key factors that dominant the market and lay a foundation for further 
study of market operation efficiency.
2. The Synergistic Attributes of Electricity Market
Ut supra, electricity market is a complex dynamic system which consists of power generation 
companies, power supply companies, electricity consumers and regulation agencies and is constrained by 
economic, social environment and grid physical capacity. It is the complexity of the market that ends up 
the Pareto optimal idea not meeting the efficiency evaluation of the market operation and the operation 
status being the result of dynamic games, therefore the traditional economics can not be mechanically 
applied to study it. On the other hand, the result of the dynamic game is still subject to constraints of 
market trading patterns and mechanism, it's not appropriate to analyze and forecast market development 
and changes based on pure dynamic game. What's more, cooperation and coupling exist in national, 
provincial and municipal markets. In fact, it is the attributes of electricity energy that it is invisible, can't 
be stored in large scale, should be transmitted by grid and is instantaneous in its generation, transmission, 
distribution and retailing that leads to the complexity of the market. As a result, complexity science is 
used to study the electricity market.
In this complex system, different participants behave differently and play different roles in the market 
operation. On one hand, as market participants have their own business objectives, there is competition to 
ensure self-interests between them, on the other hand, they must be coordinated and maintain safe and 
stable market operation. From the perspective of synergy theory, the competition between market 
participants drives the market to break its existing state, and the collaboration promotes the market 
development. 
Synergy theory holds that there is mutual cooperation and competition in a complex systems, which 
drives the system to evolve. When the system approaches its critical point, its variables turn into two 
categories: one is called fast variables which decays fast, has large damping and plays a less important 
role in the system development, the other one is the slow variables which almost doesn't decay or even 
has no damping around its critical point and plays a leading role in the evolution[15].These slow variables 
are the order parameters of a system, which dominant its evolution. Therefore, the principal elements to 
system evolution can be found by identifying the order parameters and the system evolution can be 
revealed by studying the order parameters. The electricity market operation conditions can be studied in 
the same way as well.
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3. The Synergistic Model of Electricity Market
The electricity market transaction data is usually non-continuous. Grey theory can be well used to deal 
with discrete data sequence. The electricity market operation model can be established by combining
),1( NGM and synergy theory. The traditional ),1( NGM is expressed as:
∑
≠
=+
N
ij
jjii
i xbxa
dt
dx
                                                                  (1)
Where ia− is the development coefficient for system i , which reflects the growth condition;
)1(
jj xb is 
the drive factor that reflects the driving effect of other systems to system i .
    According to synergy theory, in the process of evolution, the changing rate of one subsystem 
(variable) is affected not only by its own development capacity, but also by the collaboration and 
competition with other subsystems and meanwhile by fluctuations of the external interference[15]. Set the 
development capacity of subsystem i at time t as )(txa ii , ia− stands for the development capacity, also 
known as the damping coefficient; set the collaboration of subsystem j to system i as )(txb jij , and 
competition )(2 txc jij ,where ijb is the  collaboration coefficient and ijc is the competition coefficient. Set 
the external interference )(tfi . The model can be expressed as a Langevin equation:
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Where m is the number of subsystems. For any nonlinear system, the subsystems' interaction within 
the system is the basic reason for development, and external interference is a random factor to make the 
system change. When random factor is normal distributed with 0 mean and variance 1, it has no effect to 
the system in average sense. As a result, )(tfi can be set as 0 when solving the equation and then verify if 
it satisfies the assumption through residual analysis.  The solving steps are as follows:
1) Since the dimensions of original data are different, do the dimensionless treatment. For subsystem i ,
set the original data )(txi , new data )(
)0( txi after treatment. Then：
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and n is the number of samples.
2) District data reveal obscure law, but show obvious exponential growth law after being dealt with 
accumulated generating operation (AGO). Do AGO to the original data, set new data )()1( txi ,then ：
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3) Set 0)( =tfi , iii ba =− ,then the evolutionary  model can be described as :
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    Then for 1=i , 13,2,1 −= nt  ,we get 1−n equations:
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The above equations can be expressed as βXy = , and the coefficient β is obtained by least squares 
method.
Similarly, repeat the above steps for ni ,,3,2 = , the synergistic evolutionary model for the 
electricity market is done which reveals the dynamic relationship between the indicators and shows the 
key factors to market development.
4. Case Study
Electricity market operation is affected by many factors. Divide them into five subsystems known as 
market structure, market supply and demand, market transactions, market behaviour and market 
performance. Select HHI index, the ratio of supply and demand offered, settlement price, the bid rate of 
generators and social welfare to represent them. Using data from China Southern Power Grid from year
2007 to 2009, and excluding the non-significant variables when the significant level  %95=α , the 
model is expressed as:
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Fig.1to Fig.5 show comparison of the original data and fitting ones:
         
Fig.1. Original HHI and fitting HHI 
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Fig.2.  Original and fitting ratio of  supply and  demand offered
    
Fig.3.  Original and fitting settlement price                
Fig.4.  Original and fitting bid rate of  generators
    
Fig.5.  Original and fitting social welfare
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The model shows high precision and indicates the order parameters. The damping coefficients for five 
subsystems are shown in equation(6),and the order parameters with the least damping coefficient are 1x
and 3x which stand for HHI and settlement price. HHI represents the market structure, reflecting the 
intensity of competition in the market. The larger the index, the higher the degree of market concentration, 
i.e. the greater the generator's market power and the more possibility to manipulate the market is, and vice 
versa. Market structure is the key factors to determine market competition condition and affect the market 
price and operation. Settlement price is the most effective signal of market operation that is the result of 
market supply and demand and reflects market competition. In order to guarantee a healthy market, the 
price should fluctuate within a normal range. As a result, the two factors are principal to study the 
electricity market. 
In a complex system, correlation dimension indicates the least number of variables needed to study 
the system. As any change in each variable is generated by the interaction and linking with other variables 
together, the correlation dimension of any variable in the system reflects the feature of the whole 
system[15].
Do phase space transformation to time series of the object variable, and the time series are 
reconstructed as: 
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    Where m is called the embedding dimension,τ is referred to as the time delay, N is the number of 
reconstructed time series with τ)1( −−= mnN ,and n denotes the length of the observed time series.
For two given vectors ji ll , , ji ≠ ,the probability that they are at a distance shorter than a given r can 
be expressed as:
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Whereθ was heaviside function,
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While values of r approaches zero, there is linear relationship as follows:  
r
rCD
r ln
)(lnlim
0→
=                                                      (10)
where D is the correlation dimension. And with the increasement of m , D is approaching stable. 
Apply it in the settlement price time series, shown in Fig.6:
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Fig.6. (a)  rrC ln)(ln − of settlement price;   (b)Correlation dimension and embedding dimension
It can be seen from Fig.6 that the dimension appears stable at around 1.76, which shows that at least two 
variables are needed to study the electricity market. The result is consistent with the number of order 
parameters, so the market operation can be studied by the two order parameters.
As mentioned above, external interference is a random factor to make the system change. After residual
test, the residuals of five subsystems are all normally distributed with zero mean and variance 1. So in this 
model, the average impact of fluctuation on the electricity market is zero, and the interaction within the 
system is the key factor for the market evolution.
5. Conclusion
Considering the complexity of electricity market operation, an evolutionary model for electricity market 
operation was established based on the principles of complex system engineering theory. From the 
perspective of Synergy theory, a case was employed using data of China Southern Power Grid, which 
indicated that HHI index and settlement price were the order parameters that had a critical impact on the 
operation efficiency of the market. Calculation of the price correlation dimension pointed out that the two 
order parameters can be used to study the electricity market. The model showed high precision and 
provided some guidance to further study the efficiency of the electricity market.
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